Homology and structure-based approaches were used to identify Helitrons in the genome of maize inbred B73. A total of 1,930 intact Helitrons from eight families (62 subfamilies) and >20,000 Helitron fragments were identified, accounting for Ϸ2.2% of the B73 genome. Transposition of at least one of these families is ongoing, but the most prominent burst of amplification activity was Ϸ250,000 years ago. Sixty percent of maize Helitrons were found to have captured fragments of nuclear genes (Ϸ840 different fragment acquisitions, with tens of thousands of predicted gene fragments inside Helitrons within the B73 assembly). Most acquired gene fragments are undergoing random drift, but 4% were calculated to be under purifying selection, whereas another 4% exhibit apparent adaptive selection, suggesting beneficial effects for the host or Helitron transposition/retention. Gene fragment capture is frequent in some Helitron subfamilies, with as many as 10 unlinked genes providing DNA inserts within a single element. Gene fragment acquisition appears to positively influence element survival and/or ability of the Helitron to acquire additional gene fragments. Helitrons with gene fragment captures in the antisense orientation have a lesser chance of survival. Helitron distribution in maize exhibits severe biases, including preferential accumulation in relatively gene-rich regions. Insertions, however, are not usually found inside genes. Rather, Helitrons preferentially insert near (but not into) other Helitrons. This biased accumulation is not caused by a preference for cis or nearby transposition, suggesting a specific association between Helitron integration functions and unknown chromatin characteristics that specifically mark Helitrons.
T
he Helitrons are a class of transposable elements (TEs) that were initially discovered by computational analysis of repetitive nuclear DNA in the model plant Arabidopsis thaliana (1) . Subsequent studies have shown that Helitrons are broadly distributed in eukaryotes, including in all studied plants (2) . They are characterized by a 5Ј TC terminus and a 3Ј CTRR terminus accompanied by a predicted small hairpin structure near the 3Ј end. Helitrons preferentially insert into the dinucleotide AT, but they do not generate target site duplications. Some elements encode Rep/ helicase-like and/or RPA-like proteins that are believed to be involved in the transposition process. The bacterial IS91 element also encodes a Rep/helicase protein and is known to transpose via a rolling circle process (3, 4) , so it is expected that Helitrons use the same mechanism for amplification and insertion within eukaryotic genomes.
Plant Helitrons often capture gene fragments. Sometimes, fragments from multiple genes that normally reside in unlinked chromosomal locations are found inside individual elements (5) (6) (7) (8) (9) (10) (11) (12) (13) . This gene fragment acquisition is known to occur at the DNA level because contiguous introns and exons are found within the acquired DNA. The captured fragments are usually small, but more than one case has been observed where a full gene has been captured by a Helitron in maize (6, 11) . Although the mechanism of gene fragment acquisition is not known, it usually [Ϸ88% of the time in maize (14) , based on a small number of Helitrons] involves capture of fragments in the same transcriptional orientation as the Helitron gene encoding Rep/helicase. Some of these Helitrons produce chimeric transcripts where acquired introns are spliced, sometimes alternatively, and the junctions between fragments are occasionally processed as crude de novo introns (6, 13) . Hence, the fusion and expression of different gene fragments that are catalyzed by Helitrons have many of the properties of exon shuffling, a mechanism proposed for the creation of the first multidomain genes (15) . In maize, Ͼ4,000 gene fragment acquisitions were predicted to be within Helitrons in a single maize inbred (5) , and dozens more have been seen in other plant species (2) , suggesting that the creation of novel gene candidates might be a very active process in plants.
In all of the plant and animal species investigated, Helitrons have been found to show significant biases in structure and distribution. The elements in nematodes, rice, and Arabidopsis accumulate primarily in gene-poor regions, although this bias is less dramatic in the rice genome (2) . The predicted hairpin loops near the 3Ј end of all Helitrons exhibit a very high predicted melting temperature (T m ), but less so in the grasses rice and sorghum than in the eudicots Arabidopsis and Medicago truncatula (2) .
Genomic copy numbers and diversity in Helitrons are quite variable. For instance, the moss Physcomitrella patens has only one identified family consisting of eight very similar members (suggesting very recent transposition) (16) . In dramatic contrast, vesper bats contain highly abundant Helitrons (for instance, Ͼ100,000 per haploid genome in Myotis lucifugus), but they appear to be missing from all other orders of placental mammals that have been investigated (17) . In limited analyses in flowering plants (angiosperms), four relatively small genomes have been found to each contain several hundred elements from at least 10 families per species, with some of these families (defined by a unique 3Ј end structure) found in most of these taxa (2) .
The recent full genome sequence analysis of the nuclear genome in maize inbred B73 has provided the opportunity for comprehensive discovery of Helitrons in this important plant species (18) . Helitrons in maize have been very recently active, as suggested by their association with mutations in sh2 and ba1 genes (6, 7) and their numerous presence/absence polymorphisms across maize haplotypes (5, (8) (9) (10) . Hence, maize should be an ideal organism for the further study of Helitron evolution and function. We used a structure-based approach (2) to find Helitrons in maize, uncovering Ϸ2,000 intact elements and many thousands of Helitron fragments that together comprise Ͼ2% of the genome (18) . This article describes the discovery and analysis process for these Helitrons in maize and the properties of the identified elements. The results indicate unexpected specificities in both action and evolution and emphasize the exceptional role that Helitrons play in the rearrangement and enrichment of eukaryotic genomes.
Results and Discussion
Helitron Identification and Classification. The BAC-by-BAC sequence data for the maize nuclear genome in inbred B73, covering Ϸ90% of that genome, was analyzed one BAC at a time, encompassing Ϸ2.05 Gb of analyzed DNA (18) . Initially, a structure-based approach was used to search for Helitrons in this sequence. The program used, HelSearch (2), initially identifies only intact elements (with at least two intact copies, so ends can be verified). A total of 1,923 intact elements were found in this manner (see Dataset S1 for details). Each element was inspected manually, and all were confirmed Helitrons, so the false positive rate in this analysis was zero. Seven intact Helitrons identified by earlier studies (5, 7, 8, 13) were not found in this structure-based search because only one intact copy was present in the assembled sequences. When combined, the resulting 1,930 intact Helitrons account for 6.2 Mb of nuclear DNA in the B73 reference sequence (18) .
Intact Helitrons were classified into eight families based on the presence of a unique most-terminal 3Ј end, with two elements requiring at least 80% identity to be considered members of the same family (2) . Members of a family that had very different 5Ј ends were classified into subfamilies, with sequences sharing the most 5Ј-terminal 30 bp (at least 80% identity) classified as members of the same subfamily. This definition of families and subfamilies is based on two primary criteria: namely, the Ͼ80% homology rule for family designation that a consortium of plant TE researchers has concluded is the appropriate threshold for distinguishing families (19) and the fact that the ends of TEs of all types are the primary sites where activating factors (e.g., transposases) determine the specificity of the unique family each unique activating protein will mobilize and/or integrate. Of these eight families (62 subfamilies), five were previously unknown in maize ( (41) were not found in our analysis.
Like previously investigated genomes (2), maize has some unique Helitron families and some shared families. Hip, the largest family in maize, is also the most numerous family in sorghum and the second most abundant in rice. Hip is the largest family in Medicago, whereas it is a low-copy-number family in Arabidopsis. However, the dominance of Hip in maize far exceeds the relative dominance of any Helitron family in any other investigated angiosperm genome, where the most abundant intact Helitrons of any single family make up only 42-70% of the total intact Helitrons. All of the other maize Helitron families that were identified have not yet been found in other genomes. Sorghum and rice share some families, such as Hair, Hole, Hoke, and Hoy (2), but no intact elements of these families were found in maize. Hole, Hoke, and Hoy are low-copy-number families, whereas Hair is a high-copy-number family, having Ͼ100 intact elements in both sorghum and rice. The 5Ј and/or 3Ј ends of some of these families from rice and sorghum do exist in the maize genome, but intact elements were not identified, so we could not guarantee that the maize end homologies were evidence of true Helitrons. Although some elements from different genomes belong to the same family, this does not necessarily mean that they are the most related elements, because families are defined by a shared 3Ј end sequence. Because of dramatic changes in the 3Ј end (for instance, new end sequence acquisition) (2), some Helitrons have evolved very recently into what we now call different families. These shared Helitron families in rice, sorghum, and maize are not per se proof of a common ancestry in an ancient grass progenitor, and they do not contain highly similar internal regions suggestive of very recent horizontal transfer. The results suggest a highly conserved set of 3Ј end sequences that are needed for Helitron function, but repeated convergent evolution to these sequences is also possible. Further analysis across a broader range of grass species will help resolve this issue.
Counting the total number of 5Ј and 3Ј ends for these eight families in the B73 maize dataset yielded a respective Ϸ22,000 and Ϸ21,000 apparent ends. This count provides an estimate of the total number of Helitrons, intact plus fragmented, of Ͼ22,000. These results suggest a very high ratio of fragmented to intact elements, which is at least partly an artifact of the short length of contiguous sequences (contigs) in the current version of the B73 reference sequence (18) . Any of the numerous errors in order or orientation of contigs within a BAC sequence scaffold could lead to the misinterpretation of an intact Helitron as two or more fragments of Helitrons.
Because TEs of different types can insert into each other, it was often not clear whether the DNA inside an identified Helitron was Helitron-specific or representative of an unrelated TE. Hence, maize TE databases for LTR retrotransposons and cut-and-paste DNA transposons were obtained (18) . These databases were used to remove all of these types of TEs from the maize Helitron database. The resultant Helitron database was used in a BLASTbased search of the entire maize genomic sequence. Homologies with at least 100 contiguous base pairs of at least 80% identity were identified. In addition, a BLASTX search for Helitron-specific helicases was performed with a minimum expect value of e-10. The results from both BLAST searches were combined, and redundancy was removed. From these analyses, Helitrons were found to contribute at least 2.2% of the maize nuclear genome in line B73, a total of 45.5 Mb in the 2045 Mb of the genome that has been sequenced (18) . Because the HelSearch analysis requires two intact elements in a single subfamily before the existence of a Helitron can be confirmed, many Helitron subfamilies or families with only a single intact member or no intact members might be missed. Hence, linear regression analysis was performed to estimate the number of intact single-copy elements that are likely to have been missed (Fig. S1 ) (2) . By this approach, it can be estimated that there are Ϸ20 intact single-copy subfamilies of Helitrons in the maize genome that we did not identify, and it provides an interesting comparison to the 62 Helitron subfamilies discovered with more than one intact member. Hence, as in previous angiosperm investigations (2), it is clear that a significant amount of Helitron diversity was missed by this and all previous studies, but that the great majority of Helitron genomic contributions have been identified in maize by discovery of the multicopy element families and subfamilies. As observed in other species (2), the 3Ј hairpins of maize Helitrons average a much higher predicted T m than that predicted for the full complement of similar hairpins in the maize genome sequence (Fig. S2) . Unlike the full set of predicted hairpins, the maize Helitron hairpins do not exhibit a normal distribution, suggesting a strong selection for a high complementarity and GC content in these components of Helitron structure.
Helitron Divergence. LTR retrotransposon insertion dates can be estimated by the degree of divergence of their two LTRs (20) (21) (22) because they should be 100% identical at the time of insertion (20) . A similar approach was used to estimate the amplification time of intact Helitrons, relying not on conserved end homology but on the relatedness of different copies. By an all-by-all BLAST search of all intact Helitrons, the most related elements were identified. These are most likely to be derived from each other or from a shared common ancestor at a more recent time than from Helitrons that are less similar in sequence (23, 24 ). An intact Helitron was aligned with its second best hit (i.e., not with itself) by CLUSTALW. The degree of divergence was determined by using the baseml module of PAML (version 4.2) and used to calculate amplification dates. Fig.  1 shows the predicted amplification dates for these intact Helitrons. The vast majority (99%) of the intact Helitrons are predicted to have amplified within the last 6 million years, with an amplification peak at 0.25 million years ago (Mya). Approximately 3% of intact maize Helitrons are 100% identical, suggesting very recent duplication and insertion. For comparison, the predicted amplification times of intact Helitrons in rice, sorghum, and Arabidopsis were calculated in the same manner (Fig. 1 ). Rice and sorghum both gave Ϸ3% intact Helitrons with 100% identity and an amplification peak Ϸ0.25 Mya, nearly identical to what was observed for maize despite their divergence from common ancestors Ͼ11 Mya (25) . In contrast, Ͻ1% of intact Helitrons in Arabidopsis are 100% identical, and the overall Helitron population exhibited a major amplification between 1 Mya and 2 Mya (Fig. 1) .
Because transition mutation frequencies are quite variable across genomic regions, and especially frequent in TEs compared with coding exons (20) , it seemed appropriate to further pursue this analysis by ignoring transitions and only counting transversions. When divergence and amplification dates were recalculated in this manner, similar results were obtained (Fig. S3) .
To carefully characterize the nature of Helitron divergence in recent times, 100 intact Helitrons were randomly selected for further analysis. Each was aligned to its second best hit by CLUSTALW. Nucleotide changes and indels were counted (Table S1 ). More than 6,000 single nucleotide changes were found. Small indels (1-5 bp) were found to be more frequent than larger indels, a result previously observed as an outcome of DNA removal processes in angiosperms (21) . The ratio of transition to transversion mutations was observed to be 3.05 to 1, suggesting that most Helitrons are heavily cytosine-methylated in the maize genome (20) .
Gene Fragment Acquisition. A BLASTX search against the National Center for Biotechnology Information nonredundant protein database was performed for each intact element. More than 60% of the intact elements (1,194 elements) were found to have acquired one or more gene fragments. See Fig. 2 for examples and Dataset S3 for additional details. The Helitron with the most captured gene fragments (a total of 10) is a truncated element (the 5Ј boundary could not be precisely identified, so this element is not mentioned in Fig. 3 and Dataset S3).
The numbers of gene fragments acquired per element is shown in Fig. 3 . Intact maize Helitrons were further classified into 498 ''exemplars,'' where each exemplar had a unique internal sequence that was Ͼ20% different at the nucleotide level from any other Helitron internal regions. There are 104 Helitron exemplars that have not captured any gene fragments and 152 exemplars that have acquired one gene fragment. Two exemplars represent unrelated element groups that have each taken up as many as seven different gene fragments. If these gene fragments acquisitions were independent events, one expects that the frequencies of exemplars with one, two, three, or more captured fragments would follow a Poisson distribution. The parameter was estimated to be 1.81 (overall mean). Given that there have been 840 different acquisition events, the predicted frequencies of exemplars in each category are shown in Fig. 3 . Note that the observed exemplars that have acquired two or three gene fragments are fewer than predicted whereas those that have acquired five or six gene fragments are more frequent than predicted by a random acquisition model. A goodness of fit test yielded P Ͻ 0.0001, suggesting that the capture events are not independent. These data suggest that acquisition of one gene fragment facilitates the capture of additional gene fragments or that there is superior survival for fragment-containing Helitrons. Alternatively, or in addition, some maize Helitrons may have an unusual propensity (of unknown molecular basis) for gene fragment acquisition that leads to an overrepresentation of Helitrons that contain multiple gene fragment captures.
There are Ͼ700 intact elements that have acquired a phosphatase 2C-like gene fragment, mostly in the Hip1 subfamily and its derivative subfamilies, Hip26 and Hip31. Hip1 is the most numerous (Ͼ1,000 intact elements) and most active subfamily in B73 maize. It is likely that the maize phosphatase 2C-like gene fragment capture was a single event that has been amplified by Helitron transposition. Subfamily Hip26 was created by acquisition of a new 5Ј end by a Hip1 subfamily member, and the 5Ј ends of Hip1 and Hip31 have experienced a number of small sequence changes that have led to their classification as different subfamilies. Sorghum Helitron HipSB51 also has acquired a phosphatase 2C-like gene fragment (2), but a different portion of the gene from a different member of the phosphatase 2C-like gene family. This coincidence may be pure chance or may reflect either some exceptional lability in this class of gene that promotes its acquisition/retention or, more likely, that capture and/or retention of a phosphatase 2C-like gene fragment has some selective advantage for a Helitron or its host genome. As expected for a predicted independent origin, HipSB51 in sorghum does not evidence any similarity to maize Helitrons at the nucleotide level, except at the 3Ј end.
It is thought that the gene fragments captured by Helitrons have a strong bias in the orientation of their acquisition and/or retention (14) . When investigated in the available dataset from the B73 genome of maize, 282 exemplars were found to have gene fragments that are exclusively in the same orientation as the Helitron Rep/helicase gene. There are 20 exemplars that have gene fragments in the opposite orientation and another 92 exemplars with multiple gene fragments that are in opposing orientations in individual elements. Hence, by this method of analysis, acquisition and/or retention of gene fragments within Helitrons is strongly biased (282/20 ϭ 14.1:1 ratio) toward a conserved orientation that is compatible with Helitron promoter-driven expression.
To test whether Helitrons preferentially acquire gene fragments in the same orientation or gene fragments are acquired randomly, gene fragment orientation was plotted against element amplification time (Fig. S4 ). The Helitrons that had acquired gene fragments in the sense orientation had a broad amplification time distribution, but the majority of elements containing a gene fragment in the opposite orientation were of very recent origin. A Mann-Whitney test for significance in the difference in the respective median and mean ages of sense (0.71 Mya and 1.38 Mya) and antisense (0.38 Mya and 1.14 Mya) gene fragments gave P ϭ 0.089. These results suggest that gene fragments acquired in the antisense orientation are more rapidly removed by selection. However, the effect is not overpowering, suggesting that Helitrons may also preferentially acquire gene fragments in the same orientation, so these combined biases account for the current Ϸ14:1 ratio of sense to antisense inserts.
Helitrons in the maize B73 genome were estimated to have acquired Ϸ4,000 gene fragments in a previous study (5) . However, because that study was based on a presence/absence comparison between inbreds B73 and Mo17, many shared Helitrons and gene fragment captures could have been missed. Hence, the total number of gene fragments acquired by Helitrons was estimated from (i) the number of observed gene fragments inside intact Helitrons (2,152) and (ii) the ratio of intact Helitrons to total Helitrons (Ͼ22,000:1,930 or Ϸ11.4:1) detected in the assembled B73 reference genome (18) . If there is no bias for or against the truncation and sequence decay of Helitrons with respect to acquired gene fragments, then Ͼ24,000 gene fragments inside Helitrons are estimated in the B73 genome. Of course, enumeration of these captured fragments is likely to yield an overestimation because of the fragmented status of the B73 reference sequence assembly (18) .
Evolution of Gene Fragments.
A simple way to determine whether the fragments inside Helitrons perform an important function is to look for biases either for or against synonymous mutations. Previous studies have reported such selection on acquired DNA fragments inside other TEs (26) (27) (28) . However, those investigations can be misleading if the researchers compared the acquired gene fragment to its presumed ortholog in the host genome. Any perceived evidence of purifying selection, for instance, might actually be an outcome of sequence divergence between the allele of the host gene chosen as the ortholog and the actual allele that was the origin of the acquired gene fragment. To search for evidence of natural selection on gene fragments acquired by Helitrons, 44 Helitrons with independent gene fragments acquisition were randomly chosen. Because some elements had acquired more than one gene fragment, this study included a total of 85 different gene fragments (Dataset S4). Seven gene fragments were too short for informative analysis. Nucleotide sequences of gene fragments from the same acquisition event in different Helitrons were aligned and used to calculate the nonsynonymous and synonymous substitution dN/dS () ratio between acquired gene fragments. P of 0.05 with Bonferroni corrections was chosen as the significance level. As a result, three gene fragments (4% of the total) exhibited significant evidence of purifying selection. For the abundant phosphatase 2C-like gene fragment acquired by Helitrons, 50 elements were randomly chosen and analyzed. The results indicated that these gene fragment are under strong negative selection (P Ͻ 0.0001).
To investigate how inaccurate this analysis would have been if we compared gene fragments inside Helitrons with the host gene from which they were derived, a BLASTN search against the B73 maize gene set (18) was first performed to identify the genes that contributed gene fragments to Helitrons. Seven gene fragments were not attributable to any corresponding host gene. For the 71 other inserts in Helitrons, captured gene fragments within the exemplar were always most homologous to only one maize gene. This finding suggests that none of these acquisitions within an exemplar group were independent captures from different genes in the same gene family. With the best candidate donor gene now identified, it was simple to calculate for the combined dataset of Helitron gene fragments and their corresponding host genes. From this analysis, nine gene fragments appeared to be under significant purifying selection (P Ͻ 0.05 with the Bonferroni correction). Hence, this type of comparison to host genes is likely to provide a major overestimate of purifying selection on gene fragments inside TEs.
To determine whether any of the gene fragments were under adaptive selection, M1 (neutral) and M2 (positive selection) models were built by PAML, and 2 tests were performed on those two models. Three gene fragments (4% of the total) yielded P values for adaptive selection that were Ͻ0.05 with a Bonferroni correction (Dataset S4).
Transcriptional Activity. Screening maize EST databases (Ͼ99.5% identical to a full-length EST sequence) indicated that at least 9% of the identified maize Helitron sequences are expressed in at least one tissue. Comparison to an smRNA database (29) indicated that Ϸ90% of the identified Helitrons had at least one small RNA match, suggesting that maize Helitrons are subject to significant levels of epigenetic suppression.
Insertion Preferences. Sequences flanking intact Helitron insertion sites were obtained to assess any possible insertion preference. Fig.  S5 A and B shows the analysis suggesting that Helitrons insert preferentially into AT-rich DNA in maize, as reported for Helitrons in other plant and animal genomes (2) . As seen previously, the last 3 bp upstream and 8-10 bp downstream of the insertion exhibit an extreme AT richness, reflecting an insertion orientation bias (2) .
Helitron distributions on each chromosome of the B73 reference maize genome (18) were determined for both intact and fragmented elements. Fragmented elements were considered valid if they contained at least 100 bp of contiguous Ͼ80% identity to a known intact element. In contrast to Helitrons in other plant genomes (2), maize Helitrons were found to be most abundant in gene-rich regions of the chromosomes (Fig. S5C) . The reasons for this dramatic difference are not known, but there are several possibilities.
It should be remembered that the Helitron distribution in a genome is the result of the balance between TE insertion and DNA removal (30) (31) (32) . The great haplotype variability in maize (10, 33) indicates that TEs are completely removed from a region in Ͻ2 million years (21, 22) . Moreover, DNA removal (at least by unequal homologous recombination) appears to be more rapid in gene-rich regions (which have a higher level of meiotic recombination) than in pericentromeric regions (21, 22, 34) . Hence, if maize Helitrons are mostly younger and more active than those in other studied species (6, 7) , one might see a greater level of accumulation in gene-rich regions because there has been less time for their removal. To test this hypothesis, nonparametric Mann-Whitney tests were performed on Helitrons amplification times to see whether the Helitron amplification times (Fig. 1) are significantly different in other genomes. The intact maize Helitrons were compared with those in Arabidopsis, rice, and sorghum. On average, maize Helitrons were found to be significantly younger than Arabidopsis Helitrons (P ϭ 0.017), but were determined to be significantly older than Helitrons in rice and sorghum (P Ͻ 0.0001). However, if transversions alone are used in the calculations, maize Helitrons amplification dates were not significantly different from those in Arabidopsis, but were still significantly older than those in rice and sorghum (P Ͻ 0.0001). T test approximations yielded the same conclusions. This analysis indicates that maize Helitrons are not enriched in gene-rich regions because of a shorter average duration in regions of the genome that show a high rate of DNA removal.
A second model proposes that the gene-rich regions of maize are structurally much more like the gene-poor regions of the sorghum, rice, Arabidopsis, and nematode genomes than they are like the gene-rich regions of these small genomes. Because the gene-poor regions of these four small genomes are composed of large blocks of repetitive DNA intermixed with rare genes, they may have the same chromatin conformations as the gene-rich regions of the maize genome, which are composed of large blocks of repetitive DNA intermixed with genes. If chromatin composition determines the targeting of Helitrons, as it does for Ty elements in yeast (35) , then it is likely that Helitrons in both maize and the four smaller genomes are all inserting in the same preferred chromatin types. In maize, we know that some families of LTR retrotransposons exhibit a bias toward insertion into heterochromatin near genes, whereas others exhibit a bias for insertion into heterochromatin that is not near genes (18, 36, 37) . Helitrons in maize appear to share the behavior of those elements with the gene-associated heterochromatin bias.
Sequences encompassing 500 bp upstream and 500 bp downstream of each intact Helitron were retrieved and annotated to search for additional insertion site characteristics. Using the annotations provided for the B73 draft sequence (18) , it was observed that 6% (109) of Helitrons are inserted into or near genes, 34% (658) are inserted into or near LTR retrotransposons, 23% (436) are inserted into or near non-Helitron DNA transposons, 26% (497) are inserted into (117 elements) or near (380 elements) Helitrons, and the other 11% were on small fragments that did not allow definitive determination of the nature of the target site. Given that the Helitrons in B73 make up only Ϸ2% of the genome, a random Helitron insertion model predicts only 64 intact Helitrons inserted into or within 500-bp range of another Helitron, not the 497 that were observed. This Ϸ7.8-fold bias for accumulation near Helitrons is more dramatic than the Ϸ2-fold bias for accumulation near other DNA transposons [that contribute Ϸ10% of the B73 genome (18) ], but both are significant (P Ͻ 0.0001).
One possible explanation for the clustering of Helitrons might be that they primarily transpose to nearby sites. However, it was observed that only 31 Helitrons were inserted into or near their most related Helitron in the B73 genome, whereas a random model predicts that there would have been 46 such cases. Hence, Helitrons in maize significantly (P ϭ 0.01) avoid inserting into or near their parental element, thus rejecting the short transposition distance model. For 117 Helitrons inserted into another Helitron, 84 were observed to be in the same orientation as the target Helitron, whereas 33 were in the opposite orientation. For 380 Helitrons inserted near another Helitron, 235 were in the same orientation, whereas 145 were in the opposite orientation (73 head to head and 72 tail to tail). If the insertion orientation had no bias, the ratio of insertion in the same direction and in the opposite direction would be 1:1.
2 tests gave P Ͻ 0.0001 for nonrandomness of both Helitron-internal and nearby insertions. None of these pairs of inserted Helitrons were present as more than one paired copy, so they are not cointegrants, and none are present as the same element in tandem, as observed in vesper bats (17) .
A total of 226 Helitrons were observed to be inserted into or near a Helitron of the same subfamily, whereas 229 are inserted into or near a Helitron of a different subfamily. If there was no bias for accumulation relative to the specific Helitron subfamily properties, one would expect 115 Helitrons inserted into or near a Helitron of the same subfamily. Hence, there is a significant (P Ͻ 0.0001) bias for Helitrons to accumulate near Helitrons with similar terminal sequences, although they are usually distinguishable members of that subfamily.
Taken together, all of these characteristics of Helitron distribution indicate a strong bias for insertion into regions of the genome that contain Helitrons of the same family and subfamily. It is more difficult to explain these results as an outcome of biases in DNA removal, because there is no precedent for a DNA removal process that is somehow more active at removing DNA that is more weakly related (i.e., a more distant Helitron family) to a nearby Helitron than it is at removing DNA that is more strongly related (i.e., the same Helitron subfamily). A simpler model proposes that Helitrons in the genome exist in a unique chromatin state (perhaps with associated proteins involved in rolling circle amplification) that attracts other Helitrons, and attracts those most aggressively that have the same coevolved association between their structure and the particular rolling circle amplification enzymes encoded by that Helitron subfamily.
Materials and Methods
Helitron Identification and Abundance. The structure-based approach to Helitron discovery that was used has been described (2) . Maize genomic sequences were downloaded from www2.genome.arizona.edu/genomes/maize (18) . After the structural search, a second search was used on the residual sequence data to find any previously identified Helitrons that may have been missed. A BLAST search of all intact maize Helitrons was performed against a comprehensive maize TE database containing LTR retrotransposons and cut-and-paste DNA transposons (18) . All identified homologies were manually inspected. Non-Helitron TE fragments were removed from the Helitron database (replaced by N). To find the genome contribution of all Helitron elements, both intact and fragmented, a
